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C o l l i s i o n a l  e x c i t a t i o n  rates i n  N V,  0 V I  and 

N e  V I 1 1  have been de r ived  from a b s o l u t e  l i n e  i n t e n s i -  

t ies  emi t t ed  by t h e s e  ions  i n  a w e l l  diagnosed plasma. 

The plasma w a s  produced i n  a theta-pinch device,  and 

several plasma cond i t ions  were i n v e s t i g a t e d .  E lec t ron  

d e n s i t y  and temperature  w e r e  obtained as a func t ion  of 

r a d i u s  and t i m e  from t h e  spectrum of s c a t t e r e d  laser 

l i g h t .  The experimental  r e s u l t s  are compared wi th  

Bely 's  c a l c u l a t i o n s  using t h e  Coulomb-Born approximation. 

Although t h e  accuracy of  t h e  i n d i v i d u a l  ra te  c o e f f i -  

c i e n t s  is  a f a c t o r  of 2 only,  t h e  r m s  d e v i a t i o n  of t h e  

experimental  va lues  from the  t h e o r e t i c a l  ones i s  about 

10% f o r  e x c i t a t i o n  t o  t h e  n=2 and n=3 levels and about 

15% f o r  e x c i t a t i o n  t o  t h e  4s l e v e l .  The rates t o  the  

4p  and 4d levels are on t h e  average %60% of  t h e  

t h e o r e t i c a l  ones. 

A ,. 
Supported by t h e  Atomic Energy Commission. 



I. Introduction 

Excitation rate coefficients for ions of the lithium 

isoelectronic sequence are of considerable importance in the spectroscopy 

of laboratory as well as astrophysical plasmas. 1,2 In 19% Heroux 

showed that the intensity ratio of the 2s-2p and 2s-3p transitions in 

the same Li-like ion allows a unique determination of the electron 

temperature as long as the plasma is optically thin and collisional 

depopulation can be neglected. Under these conditions the absolute 

intensities of the lines are controlled by collisional population 

rates from the ground state. In the laboratory, this technique has 

been applied to numerous plasmas. Hinteregger et al.3 used it to 

obtain temperatures from solar emission lines. Lines of lithium-like 

ions are quite prominent in the solar spectrum, and their absolute 

intensities are conveniently used to deduce relative abundances of 

the various species . 4 

The study of lithium-like ions is further intriguing from a 

theoretical point of view. Their simple electronic structure renders 

them amenable to rather detailed calculations (see section 11). A 

comparison of theoretical and experimental data is thus possible. 

Direct measurements of the electron impact excitation cross- 

sections for multiply ionized atoms are very difficult. However, 

it is quite possible to measure the rate coefficients (i.e. the product 

of cross-section and initial electron velocity averaged over the electron- 

velocity distribution function) in transient plasmas . 
Atoms of interest are introduced into a well-diagnosed plasma, and 

absolute line intensities are then interpreted in terms of desired rate 

coefficients. 

5- 9 
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11. Theory 

A. P r i n c i p l e  of t h e  Measurements 

I n  a plasma which i s  o p t i c a l l y  t h i n  wi th  respect t o  the  l i n e  

r a d i a t i o n  of i n t e r e s t  t h e  emission c o e f f i c i e n t  of a s p e c t r a l  l i n e  a r i s i n g  

from a spontaneous t r a n s i t i o n  between bound levels p and q is given p e r  

u n i t  volume and per  s t e r a d i a n  by 

1 
E(4,P) = hv(q,p) A(q,p) N(P) ' (1) 

where v(q,p) i s  t h e  frequency of t h e  emit ted r a d i a t i o n ,  A(q,p) i s  t h e  atomic 

t r a n s i t i o n  p r o b a b i l i t y  and N(p) i s  t h e  populat ion d e n s i t y  of t h e  upper l e v e l .  

A t  low e l e c t r o n  d e n s i t i e s  N 

tion" of  t h e  e x c i t e d  levels i s  determined by a ba lance  between the  sum of 

c o l l i s i o n a l  e x c i t a t i o n  rates i n t o  t h a t  s tate and t h e  sum of a l l  spontaneous 

( i . e .  n e g l e c t i n g  cascading)  t h e  s t e a d y - s t a t e  popula- 

r a d i a t i v e  decay rates. 

they have no me tas t ab le  levels; a t  l o w  e l e c t r o n  d e n s i t i e s  e x c i t a t i o n  occurs  t h u s  

Lithium-like ions  have t h e  f u r t h e r  advantage t h a t  

mainly from t h e  ground s ta te  (g), and the  emission c o e f f i c i e n t  may b e  w r i t t e n  

where X(p,g) i s  the  ra te  c o e f f i c i e n t  f o r  e x c i t a t i o n  from t h e  ground s ta te .  

In t h e  a c t u a l  experiment t h e  de t e rmina t ion  of t h e  ground s t a t e  

popu la t ion  N(g) of t h e  i o n  of i n t e r e s t  poses a most s e r i o u s  problem. A t  

p r e s e n t  t h e r e  e x i s t s  no d i r e c t  way f o r  i t s  determinat ion.  The method usua l ly  

employed,therefore,  is  t o  add t h e  atoms of i n t e r e s t  i n  small  q u a n t i t i e s  t o  

t h e  f i l l i n g  gas  and t o  assume t h a t  t h e  mixing r a t i o  and composition do no t  

change during t h e  d i scha rge .  One f u r t h e r  h a s  t o  know t h e  f r a c t i o n  which 3.s 



can be calculated using the coronal equilibrium relationship. While the 

distribution of the ions in this model is independent of the electron density, 

it depends strongly on the magnitude of the collisional ionization and the 

radiative recombination coefficients. Unfortunately, these are not known with 

sufficient accuracy. However, in transient hot plasmas the degree of ioniza- 

tion lags behind thecorona equilibrium situation: 

successive ionization stages with a lifetime in each stage determined only by 

the ionization rates. (Recombination rates are usually very much smaller.) The 

rate equations governing the population in the various ionization stages are 

thus very much simplified. 

each ion goes through 
~ 

Using the experimentally obtained electron temperature and density 

time-histories these equations can be solved numerically, It turns out that 

the peak population in each ionization stage depends less critically on the 

accurate value of the ionization rates than in the equilibrium situation. 

Thus estimates of the ground-state populations of the various ions are found 

with sufficient accuracy. With the emission coefficient E(q,p) measured 

experimentally,Eq. ( 2 )  yields then the desired rate coefficientat the 

temperature existing in the plasma. 

B. Theoretical Rate Coefficients for Excitation 

Where no specific calculations are available,the cross-sections 

and rate coefficients f o r  excitation of allowed dipole transitions are usually 

derived using the well-known approximation of Seaton'' and Van Regemorter. 12 

They used the Bethe-Born approximation in the calculation of the cross- 

sections, substituted, however, an effective Gaunt factor which they 

determined empirically from all available cross-section data. 

approximation the rate coefficient can be written 

In this 
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- 
( 3 )  

3 -1 
[ c m  s e c  ] 

AE 
X(p,q) = 1.60 . 10-5 .fpq. exp (- E' 

AE 

where f i s  t h e  abso rp t ion  o s c i l l a t o r  s t r e n g t h ,  AE t h e  energy d i f f e r e n c e  

between levels p and q and kT t h e  e l e c t r o n  temperature ,  both measured i n  

e V .  

d i s t r i b u t i o n  i s  given i n  Ref. 12 and can a l s o  be found i n  Ref. 13. Seaton and 

Van Regemorter's i s  a f u n c t i o n  of Ei/AE o n l y ,  where Ei i s  t h e  energy of t h e  

i n c i d e n t  e l e c t r o n s .  When d e r i v i n g  from t h e  q u a s i c l a s s i c a l  l i n e  broadening 

theory 

t h e  Coulomb parameter and t h e  re la t ive  s i z e  of t h e  d i p o l e  ma t r ix  elements.  

This  dependence, however, i s  weak. Work along similar l i n e s  has a l s o  been 

done by Roberts . 

P4 

The e f f e c t i v e  Gaunt f a c t o r  <E> averaged over  a Maxwellian v e l o c i t y  

suggested an  a d d i t i o n a l  dependence on two parameters ,  namely 14 

15 

For t h e  c o l l i s i o n a l  e x c i t a t i o n  by ( o p t i c a l l y  forbidden)  monopole 

o r  quadrupole t r a n s i t i o n s ,  a corresponding approximate formula does no t  

e x i s t .  

c o l l i s i o n  s t r e n g t h  ( s e e ,  e .g . ,  Refs. 13 and 1 6 ) .  

An o rde r  of magnitude estimate can b e  obtained through t h e  

Recently c ros s - sec t ions  have been c a l c u l a t e d  s p e c i f i c a l l y  f o r  i ons  

Burke e t  of t h e  l i t h i u m - i s o e l e c t r o n i c  sequence. 

c ros s - sec t ions  corresponding t o  t h e  a r r a y  2 s ,  2p,  3s, 3p, 3d i n  NV using b o t h  

t h e  Coulomb-Born and t h e  close-coupling methods, wh i l e  Bely 

c a l c u l a t i o n s  f o r  t h e  t r a n s i t i o n s  2 s  -f ns ,  2s  -f np, and 2 s  + nd as w e l l  as 

2p -f n s ,  2p + np, and 2p + nd f o r  B e I I ,  NV,  N e V I I T  and f o r  a hydrogenic i o n  

wi th  an i n f i n i t e  n u c l e a r  charge using only t h e  Coulomb-Born approximation. 

The conclusions and r e s u l t s  of both c a l c u l a t i o n s  are e s s e n t i a l l y  the  same, 

where they overlap.  Bely 's  r e s u l t s  are given 

a l  .I7 computed t h e  e x c i t a t i o n  

18,19 ,23 d i d  t h e  



6 

i n  a form convenient  f o r  e x t r a p o l a t i o n  t o  o t h e r  i ons  and h i g h e r  p r i n c i p a l  

quantum numbers, s o  they w i l l  be  used i n  t h e  fo l lowing .  H e  w a s  a b l e  t o  

f i t  t h e  computed c ross - sec t ions  t o  an a n a l y t i c a l  form; t h i s  a l lows  a con- 

ven ien t  i n t e g r a t i o n  over  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  o rde r  t o  o b t a i n  t h e  

r a t e  c o e f f i c i e n t s .  F igure  1 shows t h e s e  ra te  c o e f f i c i e n t s  f o r  t h e  e x c i t a -  

t i o n  from t h e  ground s t a t e  t o  t h e  2p, 3p and 4p levels  i n  NV,  O V I  and N e  V I I I .  

F igure 2 compares t h e  2s - 3s, 2s  -3p, and 2s  -3d e x c i t a t i o n  rates f o r  NV 

and Ne V I I I .  A t  low e l e c t r o n  temperatures  (near  th reshold)  t h e  quadrupole 

and monopole e x c i t a t i o n  are found t o  be  much l a r g e r  t han  t h e  d i p o l e  exc i t a -  

t i o n .  A t  h i g h e r  temperatures  a l l  e x c i t a t i o n  rates are,  roughly speaking,  

comparable,though t h e  quadrupole t r a n s i t i o n  remains the s t r o n g e s t  one. 

Accordi.ng t o  t h e  au tho r  ’*”’ t h e  va lues  shown i n  t h e  curves above should be  

good t o  about  20% f o r  t h e  2s  - 2p t r a n s i t i o n s  and t o  b e t t e r  than  

50% f o r  a l l  t h e  o t h e r  t r a n s i t i o n s .  We should  mention, however, t h a t  

t h e  au tho r  c a l c u l a t e d  t h e  c ross -sec t ions  only t o  5 t i m e s  and 10 t i m e s  t h e  

th re sho ld  energy,  r e s p e c t i v e l y ,  s o  t h a t  t h e  e x c i t a t i o n  c o e f f i c i e n t s  (Fig.  1 

and 2 )  a t  h igh  temperatures  depend somewhat on t h e  a n a l y t i c a l  form of  t h e  

c ross -sec t ion  adopted by Bely,18 which i s  c o r r e c t  on ly  f o r  d i p o l e  t r a n s i t i o n s .  

Fu r the r ,  it is  i n t e r e s t i n g  t o  n o t e  t h a t  by f a r  t h e  s t r o n g e s t  rates i n  l i th ium-  

l i k e  ions  are those  f o r  t h e  2p - nd t r a n s i t i o n s .  

111. EXPERIMENT 

A. Apparatus 

The plasma used f o r  t h e s e  experiments w a s  produced i n  a 0-pinch 

machine desc r ibed  i n  d e t a i l  elsewhere.21 The measurements be ing  d i scussed  

w e r e  done mainly wi th  an energy o f  15 kJ  s t o r e d  i n  t h e  main bank, a l though 

some r e s u l t s  w e r e  a l s o  obta ined  w i t h  t h e  o r i g i n a l  9 k J  ve r s ion .  The energy 

i n  t h e  p r e h e a t e r  was s l i g h t l y  increased;  a l s o  inc reased  was t h e  damping 
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of the  p r e h e a t e r  d i scha rge  i n  o r d e r  t h a t  t h e  main d i scha rge  could be f i r e d  

15 psec a f t e r  t h e  p rehea te r .  The f i l l i n g  gas  w a s  always hydrogen, and 

t h e  elements of i n t e r e s t  (n i t rogen ,  oxygen and neon) w e r e  added i n  s m a l l  

q u a n t i t i e s  (<l%). A s  po in t ed  out  i n  t h e  i n t r o d u c t i o n ,  one b a s i c  assumption 

f o r  our  measurements i s  t h a t  t h e  mixing r a t i o  does n o t  change during t h e  

discharge.  This  assumption i s  supported by t h e  f a c t  t h a t ,  when adding 

known amounts of t h e  i m p u r i t i e s ,  l i n e  i n t e n s i t i e s  observed from va r ious  

i o n i z a t i o n  s t a g e s  w e r e  found t o  increase l i n e a r l y 2  2, which excludes n o n l i n e a r  

w a l l  e f f e c t s .  The CV 2 2 7 1  A l i n e  viewed r a d i a l l y  a t  t h e  midplane of t h e  
0 

c o i l  w a s  used a g a i n  as t h e  monitor of t h e  plasma cond i t ions .  

Seve ra l  d i scha rge  cond i t ions  w e r e  i n v e s t i g a t e d .  They were obtained by 

varying t h e  energy s t o r e d  i n  the  main bank, t h e  f i l l i n g  p r e s s u r e ,  t h e  

magnitude of t h e  b i a s  magnetic f i e l d  and t h e  t i m e  between t h e  beginning of 

t h e  p r e h e a t e r  d i scha rge  and t h e  i g n i t i o n  of t h e  main bank. 

B .  Determination of Plasma Parameters 

The e l e c t r o n  d e n s i t y  and temperature were de r ived  as a f u n c t i o n  of 

r a d i u s  and t i m e  from t h e  a n a l y s i s  of laser l i g h t  s c a t t e r e d  by the plasma. 

A g e n e r a l  d e s c r i p t i o n  of t h i s  technique can be found, e.g., i n  Ref. 23. The 

specific setup i s  i d e n t i c a l  t o  t h a t  used i n  Ref. 9 ,  and the  whole expe r i -  

mental  arrangement can b e  seen  i n  F ig .  3. Laser head and mult ichannel  

d e t e c t i o n  system are mounted on a common c a r r i a g e  thus  p e r m i t t i n g  easy  

scanning of t h e  s c a t t e r i n g  volume along a diameter of t h e  plasma column i n  

t h e  midplane of t he  c o i l ,  R e s u l t s  f o r  two cases are shown i n  Refs. 9 and 24.  
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For q u a n t i t a t i v e  s p e c t r o s c o p i c  obse rva t ions  one needs t h e  l eng th  of t h e  ho t  

plasma co re .  
0 

It w a s  determined by observing t h e  CV 2271 A l i n e  through 

e q u i d i s t a n t  h o l e s  i n  t h e  c o i l .  The l eng th  changed wi th  t i m e ,  and a t  t h e  t i m e  

of maximum compression i t  v a r i e d  between 8 and 15 cm f o r  t h e  d i f f e r e n t  

d i scha rge  cond i t ions .  

C. Absolute S e n s i t i v i t y  C a l i b r a t i o n  of Two Vacuum U l t r a v i o l e t  Monochromators 

The l i n e s  of i n t e r e s t  from l i t h i u m - l i k e  i o n s  are i n  t h e  vacuum- 

u l t r a v i o l e t  wavelength region.  Two monochromators w e r e  used f o r  t h e i r  measurement: 

a 2-meter g raz ing  inc idence  instrument  (1200 l i n e s  p e r  mm and a g raz ing  incidence 

ang le  of 86') covered t h e  wavelength r eg ion  from 60 8 t o  600 8, w h i l e  a normal 

inc idence  instrument  of t h e  Seya-Namioka-type mount w a s  used f o r  t h e  wavelength 

r eg ion  above 400 8. 

The most s e r i o u s  problem connected wi th  t h e  measurement of a b s o l u t e  

l i n e  i n t e n s i t i e s  i n  t h e  vacuum - W reg ion  i s  t h a t  no r e l i a b l e  r a d i a t i o n  

s t anda rds  are a v a i l a b l e .  

which was developed by G r i f f i n  and M ~ W h i r t e r ~ ~  and by Hinnov and Hofmann. 

This  technique i s  based on t h e  obse rva t ion  of s p e c t r a l  l i n e s  i n  t h e  vacuum- 

u l t r a v i o l e t  and i n  t h e  v i s i b l e ,  which o r i g i n a t e  from t h e  same upper l e v e l  and 

are bo th  n o t  a f f e c t e d  by se l f - abso rp t ion .  The i n t e n s i t y  r a t i o  

u n i t s )  of t h e  two l i n e s  i s  then simply g iven  by t h e  r a t i o  of t h e  r e s p e c t i v e  

t r a n s i t i o n  p r o b a b i l i t i e s .  

from d i f f e r e n t  f i n e - s t r u c t u r e  s u b l e v e l s  i f  one can prove r e l i a b l y  t h a t  t h e  

s u b l e v e l s  are populated according t o  t h e i r  s t a t i s t i ca l  weights .  

W e  employed, t h e r e f o r e ,  t h e  "branching r a t i o  technique",  

26 

( i n  photon 

The method can be extended t o  l i n e s  which o r i g i n a t e  

Both monochromators w e r e  equipped wi th  p h o t o m u l t i p l i e r s  a t  t h e  

p-terphenyl as w e l l  as t h e  p l a s t i c  P i l o t  B were used as s c i n t i l l a t o r s .  exi t  s l i t ;  
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The c a l i b r a t i o n  w a s  done i n  s i t u ,  and f o r  t h i s  purpose an a p p r o p r i a t e  plasma was 

produced i n  t h e  d i scha rge  tube. An a p e r t u r e  s t o p  a s su red  t h a t  dur ing  both  

s i t u a t i o n s ,  c a l i b r a t i o n  and a c t u a l  measurement, t h e  f i e l d  of  view of  t h e  

ins t ruments  w a s  l i m i t e d  t o  1.5 cm a t  t h e  c e n t e r  of t h e  d ischarge  

tube.  During t h e  c a l i b r a t i o n  t h e  same plasma volume w a s  imaged through t h e  

o t h e r  end of t h e  d i scha rge  tube  on to  t h e  e n t r a n c e  s l i t  of a 0.25 meter v i s i b l e  

monochromator, a l s o  equipped wi th  a pho tomul t ip l i e r  tube.  Th i s  d u a l  arrangement 

has  t h e  advantage t h a t  a l l  geometr ica l  f a c t o r s  canceled.  The v i s i b l e  ins t rument  

w a s  c a l i b r a t e d  us ing  bo th  a tungs ten  lamp and a carbon arc. 
27,23 

For t h e  c a l i b r a t i o n  of t h e  g raz ing  inc idence  ins t rument  t h e  

2s  - 3p and 3s - 3p l i n e  p a i r s  of l i t h ium- l ike  i o n s  are n o s t  s u i t a b l e .  

The t r a n s i t i o n  p r o b a b i l i t i e s  can be taken  from Wiese et .  a1  29 
and should be  

a c c u r a t e  t o  w i t h i n  10%. The i n t e n s i t y  r a t i o s  o f  t h e  two l i n e s  of t h e  3s  - 3p 

doub le t s  w e r e  found t o  b e  2 i n  a l l  cases, a s su r ing  t h u s  

between t h e  two upper levels. The fol lowing l ine p a i r s  
2 2 ) and 58022 ( a )  C I V :  

) and 46202 (b) NV: 

) and 38112 (c) OVI:  150.18 ( ' I  

(d) N e V I I I :  29 88.12 ( " I I  ) and 28602 

(e )  OV: 172 .2 i  (2 s2& - 2s3p% ) and 51142 

3p p1/2,3/2 312.42 (2s  S - 
112 

209.38 ( 11 

l l  

equ i l ib r ium popula t ion  

w e r e  used. 

(3s  s - 3p P3/2) 
2 2 

2 2 

2 2 

2 2 

112 

1/ 2 

11 2 

11 2 
1 1 

(3s  s - 3p P l / 2 )  

(3s  s - 3p P3/2)  

(3s  s - 3p P1/2j 

( 2 ~ 3 ~  S - 2 ~ 3 p  P ) 

The t r a n s i t i o n  p r o b a b i l i t i e s  of  t h e  corresponding l i n e  p a i r  i n  bery l l ium-l ike  

OV ( e )  are much less a c c u r a t e ;  however t h e  obta ined  c a l i b r a t i o n  p o i n t  f a l l s  

r i g h t  on t h e  curve, sugges t ing  t h a t  a t  least  t h e  r a t i o  of  t h e  t r a n s i t i o n  

p r o b a b i l i t i e s  i s  r e l i a b l e .  

The c a l i b r a t i o n  of the SeyaNamioka monochromator w a s  more problemat ic  s i n c e  

n o t  too  may! s c i t a b l e  l i n e  p a i r s  could be  found cover ing  t h e  requi red  wavelength 

reg ion .  W e  f i n a l l y  c a l i b r a t e d  t h e  ins t rument  us ing  t h e  fo l lowing  

i o n s  and l i n e  p a i r s :  
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( f )  H e I I :  12158 (n: 2 - 4) and 46868 

( 5 )  H e I I :  10858 (n: 2 - 5)  and 32038 

(h) H : 10268 (La) and 65638 

and 5696a (i) CIII: 574.32 (2p1P0 - 3d D) 

and 3614x 

(k) H I :  972.52 ( L ~ )  and 48618 

1 

1 1 ( j )  H e I :  515.651 (Is s - 5p P)  

(n: 3 - 4) 

(n: 3 - 5)  

(Ha) 
1 (3p1P0 - 3d D)  

1 1 (2s  s - 5p P) 

(Ho) 

I n  c o n t r a s t  t o  t h e  c a l i b r a t i o n  of t h e  g raz ing  inc idence  in s t rumen t ,  

where w e  used t h e  same plasma under i n v e s t i g a t i o n  a l s o  f o r  c a l i b r a t i o n  purposes ,  

w e  now had t o  produce d i f f e r e n t  plasmas i n  t h e  d i scha rge  tube ,  and w e  w i l l  

comment on t h e  d i f f i c u l t i e s  encountered f o r  each l i n e  p a i r .  The c a l i b r a t i o n  

using t h e  H e I I  l i n e  p a i r s  i s ,  i n  p r i n c i p l e ,  s t r a i g h t  forward. For b e s t  r e s u l t s  

we  produced a hot  plasma wi th  t h e  main bank using an i n i t i a l  f i l l i n g  p r e s s u r e  of 

70 mTorr He.  However, a t t e n t i o n  has  t o  be pa id  t o  t h e  f a c t  t h a t  t h e  s t r o n g  

H e 1 1  L - l i n e  (304% i n  f o u r t h  o r d e r ,  as w e l l  as spur ious  amounts of hydrogen 

(L - l i n e )  can obscure t h e  H e I I  l i n e  a t  12158. 

resonance l i n e s  of N I I ;  s pu r ious  amounts of N I I  can thus  f a l s i f y  t h e  r e s u l t .  

We t h e r e f o r e  always cross-checked t h e  N I I  c o n t r i b u t i o n  by comparison wi th  

another  l i n e  a t  9168 of t h e  s a m e  m u l t i p l e t .  

c1 

A t  1085 8 w e  a l s o  have t h e  
ci 

The L - H l i n e  p a i r  i n  hydrogen (h) h a s  t o  b e  used wi th  c a u t i o n ,  

a 
B a  

because i t  i s  n e a r l y  impossible  t o  produce a plasma i n  t h e  l a b o r a t o r y  where L 

is n o t  a f f e c t e d  by s e l f - a b s o r p t i o n ,  a t  least  i n  c o o l e r  o u t e r  r eg ions .  The 

technique u s u a l l y  employed i s ,  t h e r e f o r e , t o  dec rease  t h e  d e n s i t y  as f a r  

as p o s s i b l e  and t o  e x t r a p o l a t e  t o  t h e  abso rp t ion  f r e e  l i m i t .  ' T h i s ,  however, 

can s t i l l  b e  a f f l i c t e d  w i t h  r e l a t i v e  l a r g e  u n c e r t a i n t i e s ,  and s i n c e  i t  i s  a l s o  

d i f f i c u l t  t o  produce plasmas of s u f f i c i e n t l y  low d e n s i t y  i n  a t h e t a  pinch,  

w e  modified t h e  method and went t o  t h e  o t h e r  extreme. Using a helium-hydrogen 

mixture  (95% helium, 5% hydrogen) a t  2 Torr  we  produced a plasma having an 
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e l e c t r o n  d e n s i t y  N 'L 2 x 1OI8 cmm3. Both l i n e s  are now ve ry  broad, and t h e i r  

shape i s  determined by t h e  S t a r k  e f f e c t  and by se l f - abso rp t ion .  The s e l f -  

abso rp t ion ,  however, a f f e c t s  t h e  l i n e  p r o f i l e s  only i n  t h e  c e n t e r  and no t  on 

t h e  wings. T h e o r e t i c a l  l i n e  p r o f i l e s  f o r  hydrogen are known now t o  a high 

accuracy 32-'33, and a comparison of t h e  i n t e n s i t i e s  on t h e  wings of t h e  two l i n e s  

can thus  e a s i l y  be r e l a t e d  t o  t h e  r a t i o  of t h e i r  t o t a l  i n t e n s i t i e s .  (Note t h a t  

t h e  i n t e n s i t y  r a t i o  of t h e  wings should b e o f  even h ighe r  accuracy than  t h e  

i n d i v i d u a l  l i n e  p r o f i l e s ,  s i n c e  u n c e r t a i n t i e s  i n  t h e  p r o f i l e s  due t o  approximations 

i n  t h e i r  c a l c u l a t i o n  w i l l  tend t o  cance l  i n  t h e  r a t i o ) .  

The CIII l i n e  p a i r  poses  no experimental  problem at l o w  e l e c t r o n  d e n s i t i e s .  

Here t h e  drawback i s ,  a t  p r e s e n t ,  t h e  l a r g e  u n c e r t a i n t y  i n  the  t h e o r e t i c a l  t r a n s  

i t i o n  p r o b a b i l i t i e s .  The H e 1  ( j )  and H (k) l i n e  p a i r s  aga in  w i l l  be  in f luenced  
29 

by se l f - abso rp t ion , , s ince  both s h o r t  wavelength l i n e s  go t o  t h e  ground s ta te .  

For t h e  L -H r a t i o  w e  used on ly  t h e  p r e h e a t e r  d i scha rge ,  decreased t h e  d e n s i t y  

as much as p o s s i b l e  and e x t r a p o l a t e d  t o  zero d e n s i t y ;  i n  t h e  case of t h e  H e 1  l i n e  
A B  

p a i r  w e  used a h o t  plasma (10mTorr  H e  f i l l i n g  p res su re )  a t  e a r l y  t i m e s  of t h e  

discharge.  Due t o  Doppler s h i f t  and Doppler broadening t h e  r eabso rp t ion  of t h e  

W - l i n e  i n  t h e  c o o l e r  o u t e r  r eg ion  should b e  t h u s  decreased.  

The c a l i b r a t i o n s  (:i) t o  (k) could b e  a f f l i c t e d ,  as d i scussed ,  w i th  

re la t ive l a r g e  u n c e r t a i n t i e s .  A h i g h e r  degree of accuracy,  however, i s  

suggested by t h e  fo l lowing  f a c t .  

t h e  monochromator and assume cons tan t  quantum e f f i c i e n c y  f o r  t h e  s c i n t i l l a t o r  

(p-terphenyl) 

I f  w e  t a k e  t h e  known t r ansmiss ion  curve of 
34 

, w e  o b t a i n  a relative s e n s i t i v i t y  curve which can b e  sca l ed  

t o  f i t  t h e  ob ta ined  c a l i b r a t i o n  p o i n t s .  The maximum d e v i a t i o n  of a l l  s i x  p o i n t s  

from t h i s  s e n s i t i v i t y  curve i s  found t o  b e  30%, and t h i s  covers  t h e  wavelength 

r eg ion  from 515a t o  12158. 
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D. Experimental Resu l t s  

Table I shows t h e  emission c o e f f i c i e n t s  of t h e  resonance l i n e s  obtained 

f o r  t h e  d i f f e r e n t  i o n s  under t h e  v a r i o u s  d i scha rge  cond i t ions .  The emission 

c o e f f i c i e n t s  are given f o r  each l i n e  a t  t h e  t i m e  of t h e i r  peak i n t e n s i t y  and 

are  reduced t o  an impuri ty  concen t r a t ion  of 1% relative t o  N .  (The 

actual q u a n t i t y  obtained i s  t h e  i n t e n s i t y  of t h e  l i n e s  i n  w a t t / c m s r ;  i t  w a s  

d iv ided  by t h e  l e n g t h  of t h e  plasma column.) The 2s S - 2p P t r a n s i t i o n s  of 

t h e  l i t h i u m - l i k e  tons pose some d i f f i c u l t i e s  inasmuch as they e a s i l y  become 

o p t i c a l l y  th i ck .  The l i n e  i n t e n s i t i e s  were measured, t h e r e f o r e ,  f o r  va r ious  

impuri ty  concen t r a t ions  between 0.1% and 1.0% and were e x t r a p o l a t e d ,  where 

necessary,  t o  t h e  abso rp t ion  f r e e  l i m i t .  There w e r e  no problems f o r  NV and 

N e V I I I ,  and t h e  necessary c o r r e c t i o n s  w e r e  u sua l ly  less than 10%. For O V I ,  

however, t h e  s i t u a t i o n  w a s  d i f f e r e n t .  Oxygen i s  a n a t u r a l  contaminant i n  our  

plasma. Its concen t r a t ion  varies between 1.5 and 3 percen t  f o r  t h e  d i f f e r e n t  

d i scha rge  c o n d i t i o n s ;  t h e  resonance l i n e  of O V I  w a s  i n f luenced ,  t h e r e f o r e ,  by 

se l f - abso rp t ion  a l r eady  wi thou t  any a d d i t i o n  of oxygen. Although t h e  values  

obtained are less  r e l i a b l e ,  a t t empt s  were made t o  c o r r e c t  f o r  t h e  o p t i c a l  

t h i ckness  t h e o r e t i c a l l y .  The resonance l i n e s  are broadened only by Doppler 

e f f e c t ,  and i n  t h e s e  cases t h e  o p t i c a l  depth a t  t h e  c e n t e r  of the l i n e  can 

r e a d i l y  b e  c a l c u l a t e d  (see Ref. 32, Eq. 8-14). The temperature of O V I  i ons  

w a s  taken t o  b e  equa l  t o  t h a t  of t h e  CV ions .  The c o r r e c t i o n  f a c t o r  f o r  t h e  

i n t e n s i t y  w a s  obtained s i m i l a r l y  as d i scussed  i n  R e f .  8. 

w i th  t h e  lowest  e l e c t r o n  dens i ty  i s  quoted i n  Table I. 

s i x t h  column g ive  t h e  e l e c t r o n  d e n s i t y  and temperature ( for  t he  same t i m e ) ;  

the las t  column, f i n a l l y ,  shows t h e  concen t r a t ions  of t h e  atom i n  t h e  

p a r t i c u l a r  i o n i z a t i o n  s t a g e  obtained by s o l v i n g  t h e  coupled rate equa t ions  

using a computer program and matching c a l c u l a t e d  and observed t i m e  h i s t o r i e s  

2 

2 2 

Only t h e  va lue  obtained 

The f i f t h  and 



1 3  

of s p e c t r a l  l i n e s .  Due t o  changing d e n s i t y  and temperature ,  t h e  t i m e  of t h e  

peak i n t e n s i t y  of a l i n e  does n o t  always c o i n c i d e  w i t h  t h a t  o f  t h e  peak 

concen t r a t ion  of t h e  i o n .  

A t  low impuri ty  concen t r a t ions  t h e  two components of t h e  doublet  always 

showed a 2 : l  i n t e n s i t y  r a t i o n ,  which corresponds t o  a populat ion of t h e  2p P 

l e v e l s  according t o  t h e i r  s t a t i s t i c a l  weights .  For O V I ,  however, t h i s  w a s  

2 

n o t  t h e  case any more, 

r e a d i l y ,  s i n c e  t h e  s t r o n g e r  l i n e  i s  much more in f luenced  by s e l f - a b s o r p t i o n  

t h e  r a t i o  being smaller. This  can be understood 

than  t h e  weaker one. 

Table I1 and 111 g i v e  t h e  corresponding r e s u l t s  f o r  l i n e s  from n = 3 

and n = 4 levels ,  r e s p e c t i v e l y .  The f i n e  s t r u c t u r e  l i n e s  were not  r e so lved ,  

s o  t h e  emission c o e f f i c i e n t  of t h e  doublet  i s  quoted. We a l s o  g ive  t h e  

r e s u l t s  f o r  one oxygen case  on ly ,  s i n c e  a t  h i g h e r  e l e c t r o n  d e n s i t i e s  even t h e  

3p+ 2s and 3 d - t  2p t r a n s i t i o n s  were in f luenced  by se l f - abso rp t ion .  

I V .  I n t e r p r e t a t i o n  and Discussion 

The populat ion d e n s i t i e s  N(p) of t h e  e x c i t e d  s ta tes  can be 

c a l c u l a t e d  from t h e  measured emission c o e f f i c i e n t s , u s i n g  Eq. (1) and t h e  

t r a n s i t i o n  p r o b a l i t i e s  as given i n  Refs.29 and 35. These are then compared 

wi th  t h e  t o t a l  concen t r a t ion  of each i o n i z a t i o n  s t a g e  (N 

p given i n  Tables  I t o  111) .  

= 10-4pN wi th  t o t  

The popu la t ion  of t h e  low-lying 2p l e v e l  i s  

cons ide rab le .  It v a r i e s  from %7% f o r  Ne V I 1 1  t o  38% f o r  NV f o r  t h e  h i g h e s t  

d e n s i t y  case .  The t o t a l  populat ion of a l l  n=3 l e v e l s  i s  lower than 0.01X 

f o r  N e  V I 1 1  and around 0.1% f o r  t h e  NV case mentioned above. The t o t a l  po- 

p u l a t i o n  of a l l  n = 4 l e v e l s ,  f i n a l l y ,  i s  about a f a c t o r  of 3 below that .  o f  

t h e  n = 3 l e v e l s .  I n  t h e  a n a l y s i s  of t h e  emission c o e f f i c i e n t s  i t  i s  j u s -  

t i f i e d ,  t h e r e f o r e ,  t o  n e g l e c t  a l l  i ons  i n  h ighe r  e x c i t e d  s ta tes ,  i . e . ,  w e  assume 

t h a t  only t h e  ground and t h e  2p P s ta tes  are s i g n i f i c a n t l y  populated,  2 
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I n  a f i r s t  approximation w e  now make t h e  assumption t h a t  t he  popula t ion  

2 of the 2p P l e v e l  i s  determined by a ba lance  between c o l l i s i o n a l  e x c i t a t i o n  

from t h e  ground s t a t e  and r a d i a t i v e  decay and c o l l i s i o n a l  de-exc i ta t ion  

t o  the  ground s t a t e ,  The de -exc i t a t ion  ra te  i s  deduced from the  e x c i t a t i o n  

ra te  using t h e  p r i n c i p l e  of d e t a i l e d  ba l ance ,  X(2p -+ 2s)  % 

The ra te  c o e f f i c i e n t s  t hus  obta ined  are g iven  i n  Table  I V .  I n  o rde r  t o  

e 1  ~X(2s + 2p).  

j u s t i f y  t h i s  assumption w e  cons ide r  as a second s t e p  a l s o  the  depopulat ion 

of the 2p leve l  by f u r t h e r  e x c i t a t i o n  as well as a popula t ion  by cascading 

from h i g h e r  levels.  This  r e s u l t s  i n  two a d d i t i o n a l  terms i n  t h e  ra te  

equa t ion  f o r  t h e  popula t ion  of t h e  2p l eve l ,  which w e  have t o  compare 

wi th  each o t h e r  as w e l l  as wi th  t h e  o t h e r  rates. The cascading con t r ibu t ion  

i s  r e a d i l y  obta ined  from t h e  measured emission c o e f f i c i e n t s .  We cons ider  

only cascading from t h e  n = 3 l e v e l s ,  t h e  cascading from t h e  n = 4 l e v e l s  

being f0un.d t o  be  smaller by a f a c t o r  cf ?.la. 

For N e V I I I  t he  depopula t ion  by f u r t h e r  e x c i t a t i o n  i s  found t o  be  about 

one h a l f  t h e  r a t e  f o r  c o l l i s i o n a l  de -exc i t a t ion  t o  the  ground s t a t e  and only 

a few pe rcen t  of t he  rad ia t ive  decay  r a t e .  (Cross-sect ions as g iven  by Bely 20 

were used f o r  t hese  es t imates . )  The popula t ion  of t h e  2p l e v e l  by cascading 

is  less than 10% of t h e  c o l l i s i o n a l  e x c i t a t i o n  ra te .  Since fur thermore both  

a d d i t i o n a l  ra tes  e n t e r  wi th  oppos i t e  s i g n s  i n t o  t h e  ra te  equat ion ,  they tend t o  

cance1,and t h e  t o t a l  e r r o r  in t roduced  by n e g l e c t i n g  them w i l l  be -.5% 

i n  t h i s  case. 

2 Although Q~3E% of the  NV i o n s  are i n  t h e  2p P s t a t e  of NV i n  t h e  high 

dens i ty  c a s e ,  s imilar  r e s u l t s  are obta ined  h e r e .  The popula t ion  of t he  2p 

l e v e l  by cascading from t h e  n = 3 l e v e l s  i s  about  12% of t h e  c o l l i s i o n a l  r a t e  

from the  ground s t a t e ;  however, t h i s  i s  n e a r l y  o f f s e t  by the  s t r o n g  c o l l i s i o n a l  

e x c i t a t i o n  from the  2p leve l  t o  a l l  n = 3 levels  @8% of the  t o t a l  depopulat ion 
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r a t e ) ,  The e r r o r  introduced by neg lec t ing  t h e  two a d d i t i o n a l  rates i n  our  

s i m p l e  model w i l l  be thus  a l s o  ~ 5 %  o r  less. Theoxperimental  rates are 

f i n a l l y  compared wi th  the  t h e o r e t i c a l  r a t e s  of Bely18 and those of Seaton 

and Van Regemorter. 1 3  

When cons ide r ing  the  popu la t ion  of t h e  n = 3 and n = 4 l e v e l s o n e  

c o u l d n e g l e c t  cascading;  t h e  e r r o r  being thus introduced is es t ima ted  t o  be 

%20% o r  less . The s i t u a t i o n ,  however, becomes more complicated i n a s f a r  

2 as a t  h i g h e r  e l e c t r o n  d e n s i t i e s  n o t  only a s t r o n g  populat ion v i a  the  2p P 

s t a t e  occurs  b u t  a l s o  t h e  c o l l i s i o n a l  rates between l e v e l s  of t he  s a m e  

p r i n c i p a l  quantum number become comparable o r  even l a r g e r  t han  the  r a d i a t i v e  

r a t e s :  t h e  l e v e l s  would b e  populated then according t o  t h e i r  s t a t i s t i c a l  

weights and no i n d i v i d u a l  e x c i t a t i o n  r a t e s  can be deduced any more. 

W e  cons ide r  f i r s t  t he  high-densi ty  NV case. The c ross - sec t ions  f o r  

c o l l i s i o n a l  t r a n s i t i o n s  between t h e n  = 3 l e v e l s  have been c a l c u l a t e d  by 

Burke e t  a1.I7 W e  compare now the c o l l i s i o n a l  rates wi th  t h e  r a d i a t i v e  

t r a n s i t i o n  p r o b a b i l i t i e s .  29 

; 0.06; NX(3p -f 3s)  
A(3p -f 2 s )  

NX(3p + 3p) 
A(3s + 2p) ? 0*22  

2 0.12 NX(3p -+ 3d) 
A(3p -f 2 s )  

; 0.02 NX(3d + 3p) 
A.(3d -+ 2p) 

The popu la t ion  d e n s i t i e s  are obtained from t h e  measured emission c o e f f i c i e n t s :  

N(3s) = 0.85 x 10 ; N(3p) = 1.37 x 10 ; N(3d) = 1.02 x 10 cm . 10 10 10 - 3  
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The l e v e l  most s e v e r e l y  inf luenced  by n = 3 c o l l i s i o n a l  t r a n s i -  

t i o n s  i s  t h e  3s l e v e l ,  t h e  3s -+ 3p t r a n s i t i o n  being 22% of t h e  rad ia-  

t i v e  decay. More than one h a l f  o f  t h i s  popu la t ion  l o s s ,  however, i s  

o f f s e t  by c o l l i s i o n a l  t r a n s i t i o n s  i n  t h e  oppos i t e  d i r e c t i o n ,  so t h a t  t h e  

n e t  d r a i n  of t h e  3s l e v e l  by c o l l i s i o n s  t o  t h e  3p l e v e l  i s  about 10% 

only.  S i m i l a r l y ,  t h e  popula t ion  of t h e  3d l e v e l  occurs  t o  about 10% 

through c o l l i s i o n s  from t h e  3p l e v e l .  The popula t ion  of t h e  3p l e v e l  

i s  p r a c t i c a l l y  no t  i n f luenced  by t h e s e  c o l l i s i o n s ,  t h e  d r a i n  t o  t h e  3d 

l e v e l  being n e a r l y  o f f s e t  by t h e  ga in  from t h e  3s level. For t h e  lower 

e l e c t r o n  d e n s i t i e s  t h e  c o l l i s i o n s  between t h e  n = 3 l e v e l s  become even 

less impor t an t .  Na tu ra l ly  they  can be neglec ted  f o r  t h e  h igher  Z i o n s  

0 V I  and N e  V I 1 1  i n  our  cases .  

Ser ious ,  however, i s  t h e  e x c i t a t i o n  of t h e  n = 3 l e v e l s  v i a  t h e  

2p l e v e l .  W e  cons ider  aga in ,  a t  f i r s t ,  t h e  high-densi ty  N V case  

(Te = 110 e V ,  N = 6.2 x 1015 ~ m - ~ ) .  T h e o r e t i c a l  c a l c u l a t i o n s  18,19,20 

y i e l d  

-10 
X ( 2 s  -+ 3s)  = 7,1 x 10 

X (2s  -+ 3p) = 5.6 x 10  

X (2s  -+ 3d) = 14.8 x X (2p + 3d) = 49.4 x 

; 

, 

X (2p -+ 3s) = 1 . 6  x 10-l' 

X (2p -t 3p) = 10.6 x 10-l' -10 . 

and from t h e  experiment one ob ta ins  

T h e o r e t i c a l l y  one o b t a i n s  thus  i n  t h i s  ca se  t h a t  t h e  popula t ion  

v i a  t h e  2p l e v e l  i s  13% f o r  t h e  3s leve1,53% f o r  t h e  3p l e v e l  and even 
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67% f o r  t h e  3d level.  (The corresponding v a l u e s  f o r  N e  V I I I ,  T = 260 e V ,  

N = 4.5 x cm , are 1%, 8% and 18% r e s p e c t i v e l y ) .  For a l l  cases 

and ions i t  i s  thus  p o s s i b l e  t o  d e r i v e  t h e  2s  -+ 3s e x c i t a t i o n  ra te  

d i r e c t l y  from t h e  corresponding emission c o e f f i c i e n t ;  t h i s  a l s o  s t i l l  

p o s s i b l e  (with a s m a l l  c o r r e c t i o n )  f o r  t h e  rates t o  t h e  3p and 3d 

l e v e l s  of N e  V I I I .  However f o r  N V one o b t a i n s  f o r  3p and 3d on ly  rates 

averaged over t h e  2 s  and 2p l e v e l s .  

e 
-3 

For a l l  t h e o r e t i c a l  e x c i t a t i o n  c ros s - sec t ions  t h e  Coulomb-Born 

approximation w a s  used. 18'19 '20 Since our average k i n e t i c  e n e r g i e s  

are a t  l eas t  3 t i m e s  above t h r e s h o l d ,  t h e  re la t ive magnitude of t h e  

c ros s - sec t ions  from t h e  2s and 2p levels should b e  very r e l i a b l e ,  even 

i f  t h e  a b s o l u t e  va lues  show l a r g e r  u n c e r t a i n t i e s ;  approximations should 

i n f l u e n c e  both c ros s - sec t ions  i n  t h e  same way and w i l l  tend t o  cance l  

i n  t h e  r a t i o .  W e  a c c e p t ,  t h e r e f o r e ,  t h e  t h e o r e t i c a l  r a t i o  of t h e  exci-  

t a t i o n  rates (which is  a func t ion  of T) and use i t  i n  t h e  analysis 

of t h e  d a t a .  Table V shows t h e  emission c o e f f i c i e n t s  thus obtained.  

They aga in  are compared wi th  t h e o r e t i c a l  va lues .  

l a t i o n  of t h e  2p level w a s  c a l c u l a t e d  using t h e  t h e o r e t i c a l  r a t e  s i n c e  

t h e  resonance l i n e  w a s  o p t i c a l l y  th i ck . )  

(For 0 V I  t h e  popu- 

I n  t h e  f i n a l  e v a l u a t i o n  of t h e  ra te  c o e f f i c i e n t s  a l s o  t h e  cascading 

c o n t r i b u t i o n s  from t h e  n = 4 levels w e r e  taken i n t o  account ,  s i n c e  

they could b e  de r ived  from measured l i n e  i n t e n s i t i e s .  

N V they w e r e ,  f o r  example, 4% f o r  t h e  3s level,  7% f o r  t h e  3p l e v e l  and 

%7% f o r  t h e  3d l e v e l ,  where t h e  cascading from t h e  4f level could be 

est imated on ly . )  

(For 
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C o l l i s i o n s  w i t h i n  the n = 4 levels w i l l  i n f l u e n c e  t h e  r e s p e c t i v e  

popu la t ion  d e n s i t i e s  more s e v e r e l y  than w i t h i n  t h e  n = 3 levels. No 

t h e o r e t i c a l  c a l c u l a t i o n s  are a v a i l a b l e  a t  p r e s e n t .  Classical s c a l i n g  

sugges t s  t h a t  t h e  rates are l a r g e r  by a f a c t o r  of $ 3  compared t o  t h o s e  

w i t h i n  t h e  n = 3 levels. Since t h e  r a d i a t i v e  rates are smaller by 

a f a c t o r  $2, t h e  r a t i o s  of c o l l i s i o n a l  n = 4 t r a n s i t i o n s  t o  r a d i a t i v e  

decay rates are l a r g e r  by a f a c t o r  of about 6 as compared t o  t h e  re- 

s p e c t i v e  r a t i o s  f o r  t h e  n = 3 levels. I n d i v i d u a l  e x c i t a t i o n  rates 

could thus  b e  o f f  by up t o  50% as i n  the  high-densi ty  N V case. 

However, t h e s e  c o l l i s i o n s  s t i l l  do no t  dominate t h e  popu la t ion  d e n s i t i e s ,  

which can be seen from t h e  experimental ly  ob ta ined  va lues .  I n  t h e  

coll ision-dominated case one would f i n d  N(4s):N(4p):N(4d) = 1:3:5. 

Table V I  shows t h e  rate c o e f f i c i e n t s  de r ived .  A 10% c o r r e c t i o n  f o r  

cascading w a s  a p p l i e d  i n  a l l  cases. 

The maximum e r r o r  f o r  t h e  i n d i v i d u a l  ra te  c o e f f i c i e n t s  i s  est imated 

t o  b e  a f a c t o r  of 2 f o r  e x c i t a t i o n  t o  t h e  n = 2 and n = 3 levels, and 

b e t t e r  t han  a f a c t o r  o f  2 .5  f o r  e x c i t a t i o n  t o  t h e  n = 4 levels. The 

e r r o r s  could be somewhat l a r g e r  f o r  0 V I  due t o  some o p t i c a l  depth 

e f f e c t  as w e l l  as due t o  a p o s s i b l e  sys t ema t i c  e r r o r  i n  determining 

t h e  impur i ty  concen t r a t ion ,  since oxygen i s  a n a t u r a l  contaminant w i t h  

r e l a t i v e l y  l a r g e  concen t r a t ions  i n  our plasmas. 

V. Summary 

E x c i t a t i o n  rate c o e f f i c i e n t s  f o r  l i t h i u m - l i k e  i o n s  are de r ived  

from a b s o l u t e  l i n e  i n t e n s i t i e s  emit ted by s u i t a b l e  i o n s  i n  well-diagnosed 

plasmas. The r e s u l t s  are compared wi th  c a l c u l a t i o n s  using t h e  Coulomb-Born 

approximation. 
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Although t h e  experimental  e r r o r s  are i n h e r e n t l y  l a r g e  (a  f a c t o r  %2), 

t h e  i n d i v i d u a l  agreement i s  remarkable i n  many cases. 

t h e  r m s  d e v i a t i o n  of t h e  experimental  v a l u e s  from t h e  t h e o r e t i c a l  ones 

averaged over  N V ,  0 V I  and N e  V I I I ,  one o b t a i n s  a d e v i a t i o n  of 

only %lo% f o r  e x c i t a t i o n  t o  t h e  n = 2 and n = 3 levels and %15% f o r  

e x c i t a t i o n  t o  the  4s l e v e l .  The rates f o r  e x c i t a t i o n  t o  t h e  4 p  and 

4d l e v e l s ,  however, are c o n s i s t e n t l y  about 40% below t h e  t h e o r e t i c a l  

ones. This  l a r g e  discrepancy cannot b e  caused by f u r t h e r  e x c i t a t i o n  

o r  i o n i z a t i o n .  The i o n i z a t i o n  rate i s  e s t ima ted  , f o r  example, t o  

I f  one c l a c u l a t e s  

24 

b e  less than 3% of t h e  r a d i a t i v e  decay rate. 

36 A f t e r  completion of t h i s  work a paper  by Boland e t  a l .  appeared 

on measurements of e x c i t a t i o n  rates f o r  NV a t  one temperature  (20eV). 

The r e s u l t s  were found t o  a g r e e  w i t h  theo ry  w i t h i n  t h e  experimental  

accuracy of 50%. 
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FIGURE CAPTIONS 

Fig.  1. E x c i t a t i o n  rate c o e f f i c i e n t s  a f t e r  Bely as a func t ion  o f  

e l e c t r o n  temperature  f o r  t h e  t r a n s i t i o n s  2 s  -t np wi th  

n = 2 , 3 , 4  i n  N V, 0 V I  and N e  V I I I .  

F ig .  2 .  E x c i t a t i o n  rate c o e f f i c i e n t s  a f t e r  Bely as a func t ion  o f  

e l e c t r o n  temperature  f o r  t h e  t r a n s i t i o n s  2 s  -+ 3R wi th  

R = s , p , d  i n  N V and N e  V I I I .  

F ig .  3 .  Experimental  arrangement.  
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Table V. E x c i t a t i o n  Rates t o  n = 3 Levels  

: 

I 
Ion Rate C o e f f i c i e n t  

- 
N e  VI11 X(2s + 3s )  

x (2s  -t 3p) 

X(2s -+ 3d) 

0 V I  x (2s  + 3s )  

X(2s -+ 3p) = 0.94X(2p -+ 3p) 

X(2s -+ 3d) = 0.33X(2p -+ 3d) 

N V  x(2s  -t 3s)  
I 

j X(2s -+ 3p) = 0.53X(2p + 3p) 

, = 0.64X(2p -+ 3p) 

= 0.79X(2p -+ 3p) 

: X(2s -+ 3d) = 0.30X(2p + 3d) 

1 = 0.30X(2p -+ 3d) 

= 0.29X(2p -t 3d) ! 

i 

t 
i 

T i n  e V  

125  

165 

260 

125 

165 

260 

125 

165 

260 

260 

260 

260 

110 

145 

210 

110 

145 

210 

110 

145 

2 10  

Bely 

1.4 x 10-l' 

-10 

i 
I 

M e  as u r  e d 

1 

1.9 x 10-l0 
! 

1.6 x 10-l' : 1.9  x 1 0  

2.0 x i 2.0 x 10-l0 

2.0 x 10-l0 ' 1.3 x 10-l' 

1.5 x lo-'' i 1 .6  x lo-'' 
1 .9  x 10-l0 

3.4 x 10-l0 

3.4 x 10-l0 

3.0 x 10-l' 4.3 x 

5.3 x 10-l0 

2.2 x 10-l0 

3.3 x 10-lo 

4.4 x 10-l0 

3.5 x 10-l0 4.0 x 10-l' 

2.5 x 10-l' 5.2 x 10-l' 

9.5 x 10-l0 

6.6 x 10-l' 

6.7 x 10-l' 

7.6 x 10-l' 

6 .3  x 10-l' 

7.1 x 10-l' 

7 .1  x lo-'' 
6.8 x lo-'' 

5.6 x lom1' 

' 7.0 x lo-'' 6.5 x lo-'' 
i' 7.7 x 10-l0 7.5 x 10-l0 

1 .2  1 .5  

I 1.3  1 .5  

. 1 . 5  
i 
! 1.2  
i 

L I 



Table VI. Excitation rates to n = 4 levels 

N e  V I 1 1  X(2s + 4s )  

X(2s + 4p) 

X (2s -t 4d) 

0 V I  

N V  

X(2s -+ 4s )  

x(2s  + 4p) = X(2p + 4p) 

X(2s + 4 d )  = 0.32X(2p + 4d) 

x(2s  -t 4s)  

j X ( 2 s  + 4p) = 0.68X(2p + 4p) 

, = Oo78X(2p +- 4p) 
t 

= 0.95X(2p -t 4p) 

X(2s + 4d) = Oe33X(2p + 4d) 

= 0.32X(2p + 4d) 

= Oa31X(2p + 4d) 

1 
I 
I 
! 
i 
1 
i 

125 

165 

260 

125 

165 

260 

125 

165 

260 

2 60 

260 

2 60 

110 

145 

2 10 

110 

145 

210 

110 

145 

210 

3.7 x 

3.7 x 

3.5 x 

2.5 x 10"l 

2.0 x 10-l1 

: 3.5 x 10-l1 

3.5 x 

2.8 x 

, 4.0 x 

3.3 x 

5.2 x 10-l1 

5.5 x 

0.8 x 1.0-l' 

. 1.1 x 10-l0 

. 1.0 x 

. 0.63 x 10"O 
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